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0 Method of employing plasma for finishing start rods. 

0 There is disclosed a method of finishing or 
smoothing the surface of an optical start rod through 
the use of plasma heat in an atmosphere which 
prevents contamination of the rod by residual water. 
Also there is disclosed a method of fabricating an 
optical waveguide wherein the start rod has depos- 
ited thereon silica soot and which is subsequently 
consolidated by a plasma. 
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The present invention relates broadly to a 
method of heat treating a silica start rod by a 
plasma and, more specifically, to an improved 
method of using heat of a plasma for finishing silica 
start rods of the type used in a soot deposition 
technique. 

It is recognized generally that optical fibers are 
a superior medium of communication. For example, 
a single fiber can carry hundreds of times more 
information than a simple metal wire can. However, 
fiber optic systems have yet to approach the cost- 
performance characteristics of metal systems. For 
fiber optic technology to become successful com- 
mercially it must be produced at a competitive 
price. Therefore, it is important from a cost consid- 
eration standpoint to produce relatively large quan- 
tities at relatively low costs. 

Aside from, but related to, production cost con- 
siderations, is the criticality of minimizing optical 
transmission losses to commercially acceptable 
levels. 

Transmission losses or attentuation of light is 
due primarily to impurities causing scattering 
and/or absorbing of such light Optical purity is 
extremely difficult to attain especially considering 
the fact that minute quantities of impurities, for 
instance in the order of several parts per million, 
can add significantly to transmission losses. This 
possibility for contamination is compounded when 
it is considered that several steps are typically 
involved with the fabrication of optical fibers. 

One major technique for fabricating optical fi- 
bers in an economical and mass production fashion 
is the so-called "soot deposition* process. Typi- 
cally, In this process, glass precursor vapors are 
introduced into a hydroiyzing flame. The result is 
formation of adherent particulate material (i.e. 
soot) which is directed towards a rotating and 
translating start-up mandrel upon which the soot 
adheres to form a soot preform. Ordinarily, the 
start-up mandrel is fabricated from fused silica or 
doped fused silica Following deposition, the soot 
preform is dehydrated and then consolidated into 
transparent fused' silica. Subsequently both the 
mandrel and consolidated perform are drawn, 
whereby the mandrel becomes the core and the 
consolidated preform becomes the cladding. From 
a commercial standpoint this approach is highly 
desirable since the deposition rates are generally 
rapid. For example, a soot preform capable of 
forming 20 kilometers of optical fiber may be pre- 
pared in a few hours. 

One area of potential transmission losses is the 
interface between the start rod and the preform. 
This is due primarily to surface defects of the type 
that include particulate, cracks and scratches on 
the start rod. Even microscopic defects of the type 
noted can be troublesome. Such defects are dif- 



ficult to avoid in the normal handling of such start 
rods, and they defy easy detection. For minimizing 
transmission losses it is extremely important to 
have the surface of the start rod free of con- 

5 taminants and essentially optically smooth. 

A known approach for cleaning and smoothing 
the start rod is to etch the surface followed by a 
fire polishing technique. The etching removes the 
particulate contamination while the fire polishing 

to causes the surface to soften which then allows 
inherent surface tension to facilitate smoothing of 
the external surface. However, by virtue of known 
fire polishing techniques impurities are still formed 
by reason of the combustion process caused by 

75 use of a conventional gas torch. A primary problem 
arising from conventional fire polishing is introduc- 
tion of water into the start rod. By water it is meant 
OH, H 2 and H 2 0. Such water leads to light absorp- 
tion peaks or zones in the fiber and contributes 

20 significantly to transmission losses. 

According to the present invention, there is 
provided a method of finishing a start rod by use of 
a plasma. 

In an illustrated embodiment, the method of 
26 finishing a start rod comprises the steps of estab- 
lishing a plasma within a vessel and of providing a 
drying agent within the vessel. Included is the step 
of establishing relative motion between the start 
rod and the plasma so that ^successive shell-like 
30 peripheral portions of the start rod are heated by 
the plasma to a temperature which effects smooth- 
ing of the start rod surface. 

According to such an embodiment, the start 
rod is heated in the presence of a dehydrating 
36 agent to insure that there is no contamination of the 
start rod by water impurities when subjected to the 
plasma heat Further, the embodiment contem- 
plates use of a plasma torch for effecting the 
heating. 

40 Among the objects of the present invention are, 

therefore, the provision of a method which finishes 
or smooths a start rod by the application of heat 
generated by a plasma; the provision of a method 
of utilizing a dehydrating agent to prevent any 

45 introduction of water impurities in the start rod 
during smoothing; the provision of a plasma torch 
to heat the rod; and the provision of a method of 
producing an optical waveguide fiber by applying 
silica soot to the smoothed waveguide and consoih 

50 dating the soot onto the start rod by a plasma 
consolidation process. 

Other objects and further scope of applicability 
of the present invention will become apparent from 
the detailed description in conjunction with the ac- 

56 companying sole drawing which is a diagrammatic 
view of a start rod being finished in accordance 
with the present invention. 



2 



3 



0 216 338 



4 



The drawing depicts a technique for cleaning 
and polishing a fused silica preform start rod 10 to 
remove contaminants and smooth the surface of 
the rod. The heat treating step to be described is 
done prior to a soot deposition operation. There- 
fore, a detailed description of the soot deposition 
technique will be dispensed since it is not neces- 
sary for an understanding of the present invention. 
Preliminary to the plasma polishing or finishing 
operation, the start rod 10 is etched in a conven- 
tional manner to remove particulate contamination 
present on the start rod surface. Since etching 
does not form part of the invention a detailed 
description thereof will be dispensed with. Suffice it 
to say. however, that a suitable etchant, such as 
hydrofluoric acid can be used. 

In this embodiment, the start rod 10 is inserted 
into a heat treating vessel 12 which is defined by a 
Ngh strength silica tube 14. Since a plasma torch 
is contemplated the wails of the tube will not be 
subjected to intense temperatures. As a conse- 
quence, this allows the vessel walls to be of ma- 
terial other than silica. The silica tube 14 has a 
diameter and a length adequate for allowing move- 
ment of the start rod 10 in a manner which will be 
described. For example, the tube 14 may have a 
diameter of several centimeters, (e.g., 1.5 cm) and 
a length of a meter or more. (e.g. 1.20 m). The 
ends of the tube 14 are capped with a known 
sealing assembly only one of which is shown and 
generally indicated by reference number 16. The 
sealing assembly 16 allows insertion, as well as 
rotation and axial translation of the preform start 
rod 10. A suitable driving mechanism 17 effects 
rotation and axial movement of the start rod 10. 

Between the ends of the tube 14 there is 
provided an opening 18 which cooperates with a 
plasma forming means. In this embodiment the 
plasma forming means includes a plasma torch 
apparatus 22 which generates a plasma torch or 
flame 24. The plasma torch apparatus 22 includes 
a high frequency electrical generator 26 and a 
conventional nozzle 28 into which the working gas- 
es, such as argon and/or oxygen, are introduced 
from a source 29. The nozzle 28 forms the plasma 
in a known manner and directs the torch or flame 
24 thereof onto the surface of the start rod 10. The 
working gases for forming the plasma torch 24 are 
introduced at a rate which when coupled with the 
energy produced by the generator 26 is sufficient 
to heat at least an outer or shell-like peripheral 
region of the start rod 10 to a temperature which 
preferably is well above the softening temperature. 
The temperature may be between the softening 
temperature and the melting temperature of the 
start rod material. Temperatures above the melting 
temperature may be used provided they do not 
affect more than a thin sheiHike region of the rod 



10 to be treated. In other words, the heating should 
be done so that the rod does not deform. For 
illustration, the temperatures reached may be from 
about 1800°C to 2000°C. The outer circumferential 
5 sheiHike region or band has a narrow depth. Usu- 
ally the depth should be greater than the depth of 
any surface imperfections to be removed. The 
noted temperature range is desired because it rela- 
tively quickly heats the outer circumferential shell- 

w like region to the temperature necessary to rela- 
tively rapidly effect smoothing. When the tempera- 
ture causes the outer shell to soften, inherent sur- 
face tension of the viscous silica will be effective to 
allow physical smoothing of the surface. Since the 

is polishing or finishing temperatures are so high and 
the outer shell only of the start rod 10 is to be 
softened, the start rod 10 is only briefly subjected 
to the high temperature range. For a start road of 1 
cm. diameter, the linear advancement thereof by 

20 the driving mechanism may be in the order of 5 
cm/min. Obviously, these values are illustrative 
only. The temperature the start rod 10 is heated to 
and the depth of softening, are a function of plas- 
ma temperature and the duration for which the start 

26 rod is subjected to the plasma, and may vary 
depending on the particular needs desired. Also, 
such temperature will cause other impurities to 
evaporate from the surface. 

Advantageously, the plasma torch 24, per se, 

so does not introduce any water into the start rod 10. 
This is significant since, as noted, known fire 
polishing techniques introduce water into the start 
rod 10 during the polishing step. 

To further prevent any contamination of the 

35 start rod 10 by residual water in the atmosphere 
inside the vessel, the present invention provides for 
subjecting the start rod to an atmosphere which 
includes a dehydration agent, such as chlorine. 
Towards this end, a source 30 of chlorine is con- 

40 nected to the tube 14 and creates a flow passed to 
the torch 24 and to the exhaust opening 32. The 
chlorine is initially in a diatomic state. When sub- 
jected to the intense temperature of the plasma it 
turns into a monoatomic form. Chlorine in a mon- 

45 oatomic form reacts better with any water impuri- 
ties in the vessel. 

The present invention also envisions the use of 
other kinds of plasmas. For example, a plasma fire- 
ball may be used through which the start rod may 

so travel. This may be done at a controlled rate to 
effect the desired heating of the shell-like periph- 
eral portions such that these portions become vis- 
cous or soften sufficiently to allow the inherent 
surface tension thereof to effect a physical smooth- 
es ing of the exterior surface. 
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Subsequent to the foregoing approaches for 
effectuating the desired smoothness, the start rod 
is subjected to a silica soot deposition operation. 
The drawings do not show such a soot deposition 
technique since it is generally well-known. How- 
ever, the following brief description is given in 
terms of defining a novel and improved method of 
making an optical waveguide from a start rod 
smoothed in the manner indicated above wherein 
the rod comprises a core that is to be enclosed by 
a cladding having a lower index of refraction than 
the core. 

In the soot deposition process, glass precursor 
vapors are introduced into a hydrolyzing flame (not 
shown). The result is formation of adherent par- 
ticulate material (i.e., silica soot) which is directed 
towards a rotating and translating start rod (not 
shown) which has been finished in accordance with 
the previously noted steps of the present invention. 
The soot adheres to the start rod to form a soot 
preform. The start rod may be doped and the 
preform may also be doped. Doping may be done 
by any of several conventional steps, which, per 
se, do not form an aspect of the present invention. 
Since the start rod is intended to be the core of the 
optical waveguide the cladding, which is the soot 
preform in consolidated form, should, of course, 
have a lower Index of refraction than that of the 
start rod. 

In certain situations, it has been proposed to 
encompass the start rod with a thin layer of depos- 
ited glass soot This is to form a soot preform 
which is to be consolidated. The glass soot ma- 
terial may use the same index of refraction as the 
start rod and may be consolidated. This is done to 
smooth the surfaces of the start rod or build up a 
slightly deformed rod by having the thin soot 
preform when consolidated fill the physical cracks 
of the start rod. Thereafter, another layer of silica 
soot is deposited on the consolidated smoothing 
layer and can also be consolidated. 

The present invention envisions that this last 
mentioned layer can be appropriately doped 
through suitable and well-known techniques. 

Referring to the consolidation process, a plas- 
ma fire-ball is created in a heating vessel. A fire- 
ball with a core temperature of about 30,000 °C 
may be obtained. The periphery of the fire-ball is 
out of contact with the vessel walls. The nature of a 
plasma is such that there is a significant heat 
gradient from its center to its periphery. At the 
periphery, the temperature is roughly a few hun- 
dred degrees centigrade, whereas the center may 
be 30.000°C. 

For slowly lowering the glass soot preform and 
start rod into and through the plasma a lowering 
mechanism indicated may be provided. The lower- 
ing mechanism may lower the preform and start 



rod into and through the plasma fire-ball at a rate 
which allows completion of consolidation. For ex- 
ample, a rate of several millimeters per hour would 
be sufficient Of course, the lowering rate is a 

5 function of several parameters including the ma- 
terial being sintered, and the sintering or consoli- 
dating temperature. Thus, the example given is for 
purposes of illustration and not of limitation. During 
consolidation, the soot preform is sintered at which 

io time it consolidates or is fused into a transparent 
glass body that forms the cladding. The soot 
preform has already been dehydrated to remove 
water-related impurities. Following consolidation, 
the fused silica is withdrawn from the heating ves- 

75 sei, whereupon it may be subsequently drawn by 
conventional steps into an optical fiber. 

Since certain changes may be made in the 
above-described system and method without de- 
parting from the scope of the invention herein 

20 involved, it is intended that all matter contained in 
the description or shown in the accompanying 
drawing shall be interpreted as illustrative and not 
in a limiting sense. 

25 

Claims 

1. A method of making an optical waveguide 
fiber comprising a core enclosed by a cladding, 

so comprising the steps of: 

establishing a heating zone comprising a plasma or 
the flame from a plasma torch within a vessel; 

35 establishing a dehydrating atmosphere within said 
vessel; 

effecting relative motion between progressive 
lengthwise sections of a cleaned consolidated 

40 fused silica start rod and said heating zone, the 
rate of said relative motion through said heating 
zone being carefully controlled with respect to the 
temperature of said heating zone such that rela- 
tively thin shell-like peripheral portions of said start 

45 rod are progressively converted to their viscous 
state, thereby effecting a smoothing of the exterior 
surfaces thereof, said progressively heated viscous 
portions of said start rod being returned to their 
solid state after leaving said heating zone; and 

50 

depositing a silica material in soot form onto the 
clean, smooth dehydrated exterior surface of said 
start rod. 

2. The invention of Claim 1 wherein said dehy- 
55 drating atmosphere establishing step comprises the 

step of introducing diatomic chlorine gas into said 
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vessel whereby the temperature of said heating 7. The invention of Claim 1 additionally includ- 

zone effects a conversion of said chlorine gas into ing the steps of: 

a monoatomic state. 

3. The invention of Claim 1 wherein said de- doping said deposited silica soot so as to produce 
posited fused silica soot has an index of refraction s a layer having a lower index of refraction than said 
less than the index of refraction of said start rod. start rod; 

4. The invention of Claim 1 wherein said de- 
posited fused silica soot has the same index of providing a vessel having interior glass walls which 
refraction as said start rod. encompasses said heating zone; and, 

5. The invention of Claim 4 additionally includ- io 

ing the step of doping said deposited silica soot introducing the start rod and silica soot into said 

with an index of refraction lowering material. . zone so as to effect consolidation of the soot to 

6. The invention of Claim 4 additionally includ- form fused cladding of the optical waveguide, 
ing the step of forming an additional layer of soot 

over said first deposited fused silica soot, said is 
additional layer having a lower index of refraction 
than said start rod. 
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2.1 RF Induced Thermal Plasma Process 

High-rate deposition of diamond over a large area has been studied. An 
acetylene -oxygen combustion flame process can achieve high-rate deposition of 
diamond with a simplified apparatus; however, this process is disadvantageous 
in that the deposition area is small and the resulting diamond film is not 
homogeneous^). In order to overcome these disadvantages, a planar flame 
process was developed. Recently, a homoepitaxial diamond film that is 
comparatively homogeneous with a diameter of 15 mm can be prepared^). 
Larger area deposition can be expected if gas introduction and safety are 
improved. Furthermore, diamond synthesis by thermal plasma is also a high- 
rate deposition process. As shown in Fig. 1, the temperature of excited species 
(gas temperature) is equal to the electron temperature in a high-pressure 
plasma under a pressure of at least 100 Torr. Such a plasma in a thermal 
equilibrium state in which heavy particles such as excited species and 
electrons have the same temperature is called thermal plasma. Thermal 
plasma is characterized in that the gas temperature is as high as 5,000 to 
15,000 K and the plasma density is high. Thus, chemical species that are 
essential for deposition of diamond are generated in large quantities in the 
thermal plasma, resulting in high-rate deposition. In particular, in a thermal 
plasma process using a DC plasma jet, the energy density and the maximum 
temperature are high in the plasma; hence, deposition of diamond at a high 

rate of 930 |om/h is achieved^). However, the plasma diameter is as low as 
about 20 to 30 mm, and thus, the deposition of diamond is limited to a 



relatively low region. Furthermore, the resulting film has low homogeneity! 
the state of deposition varies greatly between the center and the periphery of 
the diamond film. In contrast, the thermal plasma by RF discharge has a 
large plasma flame (50 to 60 mm in diameter), which is suitable for high-rate 
deposition of diamond over a large area, although the energy density and the 
maximum temperature are lower than those of the DC plasma jet. Also the 
diameter of the resulting diamond film is at most 40 mm and the homogeneity 
of the film is not necessarily high in the thermal plasma process (RF induced 

thermal plasma process^). Most diamond deposition by RF induced thermal 
plasma processes is carried out under substantially atmospheric pressure. 
Since the flow rate of the plasma is low under such pressure, a high-density 
plasma flame cannot be introduced from the plasma torch into the reaction 
chamber. Thus, diamond is deposited on a substrate disposed in the plasma 

torch, and the deposition area is inevitably limitedll"!^) On the other hand, 
when the plasma torch and the reaction chamber are maintained at reduced 
pressure to generate thermal plasma, the plasma flame reaches the reaction 
chamber. However, the plasma extending to the plasma torch thermally 
damages the plasma torch. In order to prevent this damage, a nozzle must be 
disposed at the bottom of the plasma torch so that the pressure is increased 
only in the plasma torch for reducing the diameter of the plasma. However, 
this also limits the deposition area of diamond^). We will describe 
achievement of high-rate deposition of diamond over a large area by 
optimization of the pressure during the deposition of diamond and the 
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introduction of gas, for solving the above problems. 

An RFinduced thermal plasma generator used in this study includes a 
3.4 MHz, 150 kW RF power supply (SP-80CH made by Denki Kogyo Co., Ltd.), 
a plasma torch, a reaction chamber, a gas supply system, and an evacuating 
5 S3'stem. Fig. 2 shows a schematic view of the plasma torch including a 
substrate on which diamond is deposited. The plasma torch is held on a 
reaction chamber with a diameter of 690 mm and is provided with double 
quartz tubes (for water-cooling), a plasma torch head, and an RF induction coil 
with 3 turns. The inner quartz tube has an inner diameter of 65 mm and a 

10 length of 225 mm. Sheath gas flowing along the inner wall of the inner quartz 
tube for protecting the quartz tubes and plasma gas for depressing generated 
plasma are introduced through the plasma torch head. 

Eddies occur at the upper portion of the coil in the RF-induced thermal 
plasmalG). The occurrence of the eddies relates to the stability of the plasma. 

15 It is believed that the plasma is unstable under a condition that disturbs the 
eddies. In deposition of diamond by reported RF-induced thermal plasma 
processes, a carbon source CH4 is introduced through a central axial flow into 
the thermal plasma. If the reactive gas such as CH4 passes through the 

plasma flame as the central axis, the plasma energy can be most effectively 
20 used and thus the concentration of the excited species can be enhanced. 

However, a counter flow (eddy) against the flow of the introduced gas occurs in 
the center of the plasma. Thus, a considerably high flow rate is required for 
transit. As a result, the eddies are disturbed and the stability of the thermal 
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plasma is lost. Furthermore, the volume of the gas that can be introduced is 
limited. We introduced CH4 as a sheath gas together with Ar and H2 to the 

periphery of the thermal plasma. This gas introducing process stabilized the 
thermal plasma and enabled diamond to be deposited for a long time. 
5 As described above, the plasma flame does not reach the reaction 

chamber under substantially atmospheric pressure. In this study, the 
pressure in the plasma torch and the reaction chamber was maintained at a 
reduced pressure of 150 Torr during deposition of diamond. As shown in Fig. 3, 
a high-density thermal plasma generated in the plasma torch reaches the 

10 reaction chamber under the reduced pressure of 150 Torr. Thus, diamond can 
be effectively deposited in a reaction chamber that did not limit the size of a 
substrate placed in the chamber. However, the diameter of the plasma 
increases in the torch under the reduced pressure, and the quartz tubes may 
be damaged. In general, a polyatomic gas is introduced as a sheath gas for 

15 cooling the inner wall of the quartz tube. The introduction of polyatomic 
sheath gas having large specific heat requires decomposition energy of 
molecules before dissociation and results in shrinkage of the plasma such that 
the energy dissipation is minimized. This is called a thermal pinch effect that 
can prevent melt down of the quartz tube. Ar and H2 are used as sheath gases 

2 0 in the deposition of diamond by conventional RF-induced plasma processes, 

whereas CH4, in addition to Ar and H2, was introduced as another sheath gas 

into the periphery of the thermal plasma in this experiment. As a result, the 
thermal pinch effect was noticeable, and the plasma was maintained at a small 



diameter under a reduced pressure of about 150 Torr in the plasma torch 
without erosion of the quartz tube. 
2.2 Evaluation of Large-area Diamond 

Table 1 shows typical diamond deposition conditions. In order to 
enhance the density of formation of diamond nuclei, the surface of the Mo 
substrate was scratched with diamond paste having a diameter of 0.25 \xm 
before the deposition. The substrate holder was spun at 3 rpm so that thermal 
plasma was uniformly blown onto the Mo substrate during the deposition of 
diamond. The substrate temperature was measured with an infrared 
radiation thermometer (wavelength- 2.2 \xm). The rate of CH4 to H2 was 7.5%, 

which is considerably higher than that when ordinary low-temperature plasma 
(e.g., microwave plasma) is used. This is because atomic hydrogen which plays 
a significant role in diamond deposition is efficiently generated in the thermal 
plasma. In the above-described process and under the conditions shown in 
Table 1, diamond could be deposited on the entire Mo substrate with a 
diameter of 100 mm. This deposition area is the maximum among those of 
diamond films deposited by RF-induced thermal plasma processes. Fig. 4 
shows an SEM image of the surface of the diamond film with a diameter of 100 
mm at four regions from the center to an edge. The size of the diamond 
particles slightly tends to decrease from the center to the edge; however, the 
surface configurations are substantially identical at these four regions, and an 
epitaxial crystal with (ill) plane propagates even at the edge of the diamond 
film with a diameter of 100 mm. Fig. 5 shows Raman spectra at the same 



region as that of the SEM image shown in Fig. 4. All the Raman spectra 
clearly show peaks assigned to diamond at 1,340 cm' 1 , and these spectra have 
substantially the same shape. The reason for the shift of the peak assigned to 
diamond toward a higher wavelength by 7.5 cm' 1 compared with the reported 
peak (1332.5 cm' 1 ) of monocrystalline diamond is due to residual stress caused 
b}' a difference in the coefficient of thermal expansion between the diamond 
and the Mo substrate. The SEM image of the diamond film surface in Fig. 4 
and the Raman spectra in Fig. 5 show that the diamond film deposited on the 
100mm Mo substrate is substantially homogeneous. Although a broad peak 
near 1,550 cm 1 showing the presence of a nondiamond component is observed, 
its intensity is weak. Thus, the quality of the diamond film is considerably 
high. The nondiamond component will be further reduced by optimizing the 
ratio of CH4 to H2. According to SEM observation (Fig. 6) of the cross-section 

of the diamond film, the estimated deposition rate was about 20 to 30 pim/h. 
The deposition rate will be further increased by optimization of the conditions 
such as the pressure in the reaction chamber and the substrate temperature. 



